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Shotgun identification of proteins from uredospores of

the bean rust Uromyces appendiculatus
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We are interested in learning more about the proteome of Uromyces appendiculatus, the fungus
that causes common bean rust. Knowledge of the proteins that differentiate life-cycle stages and
distinguish infectious bodies such as uredospores, germlings, appressoria, and haustoria may be
used to define host–pathogen interactions or serve as targets for chemical inhibition of the fun-
gus. We have used 2-D nanoflowLC-MS/MS to identify more than 400 proteins from asexual
uredospores. A majority of the proteins appear to have roles in protein folding or protein cata-
bolism. We present a model by which an abundance of heat shock proteins and translation
elongation factors may enhance a spore’s ability to survive environmental stresses and rapidly
initiate protein production upon germination.
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1 Introduction

Rust fungi of the order Uredinales are obligate pathogens
that infect plants such as wheat and beans [1]. Rusts have
complex life cycles and heteroecious rusts complete their
sexual stages through infection of secondary hosts. Rusts can
also asexually propagate by producing uredospores from
uredia, the fruiting bodies that appear as pustules on infect-
ed leaves. Uredospores are wind-borne and are resistant to
thermal extremes. In the presence of moisture and 18–227C
temperature, uredospores germinate and spore germ tubes
grow across the leaf surface until a stomata [1, 2] or, in some
cases, a suitable epidermal cell is encountered [3]. An
appressorium then forms that allows the fungus to penetrate
the stomata opening or through the epidermis directly and
the fungus begins to colonize the interior of the leaf and
adjacent cells, ultimately leading to the formation of uredia

that break through the leaf surface and release more ure-
dospores [1, 2]. Rapid spread, parasitism, and destruction of
the host make rust fungi formidable pathogens.

Rust fungi are notoriously difficult to study because they
are obligate pathogens. Uredospores will germinate in a drop
of water and appressoria formation can be induced on poly-
styrene leaf-surface replicas [4], but the formation of other
infectious structures such as haustoria, the organ that
absorbs nutrients from a cell, or uredia have not been readily
attained in vitro. Despite the discovery of a few genes
involved in pathogenesis and nutrient uptake [5–8] and doc-
umentation of transient transformation and gene expression
[9, 10], the intractability of these organisms has stalled fur-
ther understanding of the molecular biology of rusts. Similar
limitations had once slowed research advancements on the
partially obligate malaria parasite, until its genome was
sequenced and major proteomics efforts were undertaken to
identify proteins associated with different steps in its life
cycle [11]. As a result, malaria research is now moving at an
accelerated pace [12].

We have begun to decipher the proteome of Uromyces
appendiculatus, the causal agent of bean rust, and are starting
with the uredospore. The knowledge of the proteins that
form uredospores may be used to understand spore surviva-
bility or be used in the design of chemical inhibitors of pro-
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teins active in spore germination. We produced MS/MS
spectra using 2-D nanoflow LC-MS/MS, also known as mul-
tidimensional-protein identification technology (MudPIT)
[13], and used MASCOT [14] to identify peptides from pro-
tein sequences in the NCBI nonredundant (NR) protein
database. Coupled with DBParser [15], a program that parsed
the assembled protein data into a NR dataset, we have
defined a probability-based and parsimonious sum of infer-
red proteins for U. appendiculatus uredospores.

2 Materials and methods

2.1 Purification of proteins

A liquid suspension of U. appendiculatus race 41 uredos-
pores was sprayed onto Phaseolus vulgaris cv. Early Gallatin
plants using a compressed-air aerosol-spray canister. Plants
were placed in a dew chamber overnight (187C) and then
grown in a growth chamber (267C/90% relative humidity/
12 h days) until uredospores emerged from pustules on the
leaves. Spores were collected with a Cyclone Surface Sampler
(Burkard Manufacturing, Rickmansworth, UK) and then fil-
tered through a 106 mm mesh screen. Isolated uredospores
were then frozen in liquid nitrogen and pulverized with a
mortar and pestle. Proteins were precipitated in acetone/
TCA [16], resolubilized in 8 M urea/100 mM Tris–HCl
pH 8.5, reduced in trichloroethylphosphine and carboxy-
amidomethylated in iodoacetamide [17]. After digesting
1 mg soluble protein with endoproteinase Lys-C at 377C for
12 h (Roche Applied Science, Indianapolis, IN), the reaction
was diluted to 2 M urea with 100 mM Tris–HCl pH 8.5,
adjusted to 2 mM CaCl2 and digested with Porozyme immo-
bilized trypsin (Applied Biosystems, Foster City, CA) at 377C
for 12 h as previously described [13]. Immobilized trypsin
was removed by centrifugation. All peptides were separated
from spore debris using 0.45 mm PVDF filters (Millipore,
Bedford, MA) and were concentrated by SPE using SPEC-
PLUS PT C18 columns (Varian, Lake Forrest, CA) followed
by centrifugal vacuum evaporation.

2.2 LC separation

Columns were prepared from 365 od675 id fused-silica
capillaries (Polymicro Technologies, Phoenix, AZ). Each
capillary was drawn to a 5 mm tip using a P-2000 laser puller
(Sutter Instrument, Novato, CA) [18]. Then, 9 cm of 5 mm
Aqua reverse-phase C18 resin (Phenomenex, Torrance, CA)
followed by 4 cm of 5 mm Luna strong cation exchange resin
(Phenomenex) were packed under 600 psi using a helium
pressure cell [19]. The peptides were also loaded onto the
packed column using the same pressure cell. The loaded
column was then placed in-line with a Surveyor HPLC pump
that is part of the ProteomeX workstation (Thermo Electron,
Waltham, MA). Peptides were eluted in a 12-step process that
included increasing concentrations of salt followed by an

increasing gradient of mobile phase at each step, as pre-
viously described [20]. Flow rate was 200 nL/min. The eluent
was electrosprayed directly into the ESI source of the LCQ-
Deca XP IT mass spectrometer. Electrospray voltage (1.8 kV)
was applied at a liquid junction before the column via a gold
electrode [21].

2.3 MS/MS

A parent-ion scan was performed over the range 400–
1600 m/z. Automated-peak recognition, dynamic exclusion,
and MS/MS-ion scanning of the top three most intense par-
ent ions were performed using the Xcalibur 1.3 software as
described previously [22, 23]. The tandem mass spectra were
extracted from the raw data by Bioworks 3.1. Parameters
were set at: 400 minimum mass, 3500 maximum mass,
15 minimum peaks, 100 000 minimum TIC, 1.4 Da pre-
cursor mass tolerance, 25 intermediate scans, and one group
scan. All spectra not calculated as being singly charged
were extracted as both doubly and triply charged spectra. A
merge.pl script that is part of the MASCOT 2.0 software
package (Matrix Science, London, UK) was used to convert
multiple .dta files into a single file suitable for searching.

2.4 Peptide sequence inferences from spectra

54 535 MS/MS spectra from uredospores were evaluated by
MASCOT 2.0 [14] and compared to virtual spectra created
from peptides derived from the 01/19/2005 release of the
NCBI-NR protein database (2 308 679 sequences; ftp://
ftp.ncbi.nih.gov/blast/db/). Searches were performed on a
seven-node 3.2 GHz Dell server. Search parameters were set
at fully tryptic digests and zero missed cleavages; carboxy-
amidomethylation was selected as a fixed mass modifica-
tion; oxidation (M), N-term pyro-cmC, and N-term pyro-
Glu (E,Q) were set as variable-mass modifications. Mass
values were averaged, and peptide mass tolerance and frag-
ment mass tolerance were set at 61.5 Da and 60.8 Da,
respectively.

2.5 Assembly of proteins from peptides

MASCOT .dat files containing results from MASCOT sear-
ches were uploaded to DBParser [15], a program that com-
pares the MASCOT peptide ions score [210*log10(P)] to the
MASCOT database-dependent identity score (Iscore),
whereby P , 0.05 is the significance threshold for the prob-
ability of a false-positive match. DBParser selected for ions
scores that met or exceeded the corresponding Iscore,
meaning that there was a 5% (5e-2) or lower probability that
the observed peptide match was a random event. Subse-
quently, a protein assignment was accepted if it contained at
least one significant assigned peptide and only significant
peptides were collated. The program sorted the MASCOT
protein assemblies into a NR protein complement by apply-
ing a parsimony principle. Data were processed on a 3.2-
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GHz Dell desktop computer. Complete DBParser output
datasets containing peptide sequences, associated protein
information, and their confidence indicators are available as
Supplementary Material to this article.

3 Results

Our goal was to identify proteins in U. appendiculatus ure-
dospores using MS/MS. We isolated loose U. appendiculatus
uredospores emerging from uredia on infected P. vulgaris
leaves and then pulverized spores under liquid nitrogen in a
mortar and pestle to expose as many internal proteins as
possible. Five separate peptide preparations were examined
by MudPIT. The .dta files for all five MudPIT experiments
were merged into a single file containing 54 535 tandem
mass spectra, which was then analyzed by MASCOT against
the NCBI NR-protein database. The NCBI NR database was
chosen to maximize peptide identification. Based on virtual
tryptic peptide sequences derived from the NCBI NR-protein
database, MASCOT provided peptide sequence inferences
for the observed spectra along with the probability-based
scores for match reliability and listed all of the possible-
detected proteins with their corresponding inferred peptides
in a .dat output file.

MASCOT identified 9188 proteins containing at least
one peptide whose virtual spectra matched an U. appendicu-
latus spectrum. However, many of the inferred peptide
sequences mapped to more than one protein because NCBI
NR contains duplicated protein sequences and protein
orthologs, paralogs, or homologs that differ by only a few
amino acids. When assessing proteins identified by peptides
that map to more than one protein record, hereby defined as
degenerate peptides, principles of parsimony dictate that
these proteins should be reported as a group until experi-
mental circumstances preclude one protein’s existence over
another. The identification of unique peptide sequences,
hereby defined as discrete peptides that map to only one
database record, resolves identification ambiguity. Thus, to
analyze the resulting MASCOT output and assemble a
minimum set of proteins accounted by the observed pro-
teins, in which proteins identified by the same degenerate
peptides are grouped and counted as one protein, we
employed the DBParser program. DBParser first determined
that the inferred peptides were either discrete or degenerate.
Then, DBParser sorted the assembled protein set into a par-
simonious NR dataset containing distinct proteins (contain-
ing only discrete peptides), differentiable proteins (contain-
ing both discrete and degenerate peptides), equivalent pro-
teins (proteins sharing the same set of degenerate peptides),
and subsumable proteins (degenerate peptides that can be
distributed as subsets of two or more other protein identifi-
cations). DBParser reduced the set of 9188 possible redun-
dant proteins to 468 NR proteins (Suppl. Material). There
were 190 distinct proteins identified only by discrete pep-
tides; 56 differentiable proteins that had at least one discrete

peptide; 188 NR equivalent proteins that were based on the
same set of degenerate peptides (reduced from a total set of
1812 equivalent proteins); and 34 subsumable proteins
(Suppl. Material). NR proteins matching Lys-C and trypsin
along with obvious nonfungal proteins (contaminants) such
as human keratin were manually discarded from the dataset,
leaving 462 NR proteins (Suppl. Table 1).

An example of an assembled NR protein is shown in
Fig. 1. MASCOT determined that four U. appendiculatus
spectra most closely matched four virtual spectra from pro-
tein UM03791.1 (Ustilago maydis 521, gi)46099593), a protein
with similarity to other proteins in the HSP70 protein family
(Fig. 1a). The false-positive rate ranged from 1.8e-2 to 1.1e-5
for these inferences. One of the peptide sequences inferred
from the analyses was present in the NCBI NR database only
once, thus making the peptide discrete. By virtue of there
being three other degenerate peptides, the assembled protein
was classified as a differentiable protein. Together, the four-
peptide inferences support our conclusion that a protein
similar to UM03791.1 is present in U. appendiculatus ure-
dospores.

An analysis of two other NR proteins assemblies is
shown in Fig. 2. MASCOT determined that two U. appendi-
culatus spectra most closely matched two virtual spectra from
two peptides from a translation elongation factor 2 (EF2)
protein from Neurospora crassa (gi)13925370). MASCOT also
matched the same spectra to the same peptides found in
another N. crassa EF2 protein (gi)32415856) also present in
the database. Although these N. crassa EF2 proteins share
838/844 amino acid identity, these proteins cannot be dis-
tinguished from each other based solely on these two peptide
sequences. Therefore, DBParser grouped the proteins and
counted them together as one equivalent protein finding
(DBParser arbitrarily assigned gi)13925370 as the repre-
sentative of this equivalent protein group). MASCOT also
determined that one of the U. appendiculatus spectra that
matched virtual spectra found in the N. crassa EF2 proteins
could also be found in gi)50258869, an EF2 protein from
Cryptococcus neoformans var. neoformans B-3501A. However,
a separate spectrum from U. appendiculatus was matched to
a different peptide from the C. neoformans EF2 protein and
this peptide sequence was sufficient to distinguish the
C. neoformans EF2 protein from the N. crassa EF2 proteins.
Thus, DBParser also counted the C. neoformans EF2 protein
separately in the NR set. Our bioinformatics analysis sug-
gests that there are at least two similar EF2 proteins in
U. appendiculatus. However, further experimental analysis
will be required to prove whether there is one or several ho-
mologous U. appendiculatus EF2 proteins that harbors the
three peptide sequences that are also found in the EF2 pro-
teins in C. neoformans and N. crassa.

Only three protein assemblies were made from known
Uromyces spp. proteins, which is not surprising given that
there are only 19 Uromyces spp. protein sequences in the 01/
19/2005 release of NCBI NR. The proteins detected were
succinate dehydrogenase, b-tubulin, and PIG8, a probable
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Figure 1. Example of peptide
inferences used to assemble a
protein. (A) Inferred peptides
and scores. (B) Protein with
matching peptides from (A).
(C) MS/MS spectra for inferred
peptide IINEPTAAAIAYGLDK.
(D) Sequence inference for
spectra in (C).

Figure 2. Three peptides from
two different EF2 proteins that
were used by MASCOT to create
virtual spectra that matched
spectra from U. appendiculatus.
The peptides were NMSVIAHV-
DHGK and AYLPVSESFGFNA-
DLR from C. neoformans
(gi)50258869) and NMSVIAHVD-
HGK and SGTLTTSETAHNMK
from N. crassa (gi)13925370).
(A) Inferred peptides and scores.
(B) Amino acid alignment of
regions of the two EF2 proteins.
These two proteins share 616/
832 proteins (74% identity).
Peptide sequences used for
inferences are bold and under-
lined.
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NADP-dependent mannitol dehydrogenase whose gene was
originally isolated from a haustoria-specific library [7]. This
finding suggests that PIG8 accumulation is not limited to
haustoria and, in general, portends the ability of our proce-
dure to localize proteins to cellular structures. Conversely,
some of the other U. appendiculatus proteins reported in
NCBI NR were not specifically detected. It may be possible
that further sampling of uredospore protein extracts will be
required to detect some proteins like INF56 (gi)170560),
which is reported to be isolated from uredospores [6]. We also
did not detect some of the proteins reported to be involved in
appressorium development, such as INF24 (gi)83858) [5].
Either INF24 is truly not present in uredospores or was not
resolved by our experiments.

Most of the other assemblies were derived from proteins
from a variety of taxonomically unrelated prokaryote and eu-
karyote species, although some assemblies were from pro-
teins of other fungi such as Aspergillus nidulans (11),
N. crassa (9), Yarrowia nidulans (7), Magnaporthe grisea (3),
and the phylum-related Basidiomycetes Us. maydis (25) and
C. neoformans (14). These results suggest that there are many
peptide sequences that are common between proteins in
U. appendiculatus and these other organisms.

One concern of ours was assessing our confidence in the
veracity of any given protein assembly. We worked with the
hypothesis that the assignment of multiple peptides to a
protein gives greater confidence for the reliability of a match
[24, 25]. Conversely, if only a single peptide is detected, then
there is less confidence by comparison, unless that peptide is
assigned to only one database record (discrete peptide) at
which point it can be considered a unique identifier for a
protein [15, 26]. Two hundred and twenty-five of the NR pro-
teins assembled had at least one discrete peptide (Suppl.
Material). Of the remaining proteins without discrete pep-

tides, 92 had multiple peptides associated with them. Thus,
317 proteins were assembled based on peptide inferences
from unique sequences or from inferences of multiple pep-
tides spanning the protein. We believe that the proteins
found in this set are likely to exhibit relatedness to proteins
in U. appendiculatus.

To gain a general view of the function of the many pro-
teins that were assembled, we categorized them by their
Gene Ontology (GO) Biological Process descriptions (http://
www.geneontology.org/; [27]), which describe an ordered
assembly of molecular functions. The Biological Process
groupings (Fig. 3, Suppl. Table 1) suggest that there are
many proteins in uredospores that are important for protein
production, represented by proteins with functions for
amino acid metabolism (phosphoribosyl anthranilate isom-
erase and aspartate transaminase), protein biosynthesis
(ribosomal subunits 40S, 60S, L3, and L27), protein transla-
tional initiation (EIF-4A), protein translational elongation
(elongation factor 1-alpha), protein folding (HSP70, HSP90,
dnaK, immunoglobulin heavy chain binding protein), and
ubiquitin-dependent protein catabolism (26S proteosome
regulatory subunit and polyubiquitin). Seventy-seven differ-
ent heat shock proteins and molecular chaperones, 27 dif-
ferent ribosomal subunit proteins, and 28 different transla-
tion elongation factors appeared in the dataset. Processes for
growth and development were represented by proteins that
function in cell cycling (cdc48, EB1), biogenesis (actin), gene
transcription (myb transcription factor), and proton trans-
port/unidimensional cell growth (ATP synthase beta subunit
and V-type ATPase). Twenty-nine ATPase subunit proteins,
19 actin proteins, 10 b-tubulin proteins, and 9 transcription
factors/regulators were part of the dataset. Other processes,
which may be controlled by the proteins identified, include
chemotaxis, ergosterol biosynthesis, lipo- and exopoly-

Figure 3. Distribution of inferred proteins as
grouped by their associated GO Biological Pro-
cess subcategorization. (a) cellular process/cell
communication/signal transduction; (b) cellular
process/cellular physiological process/cell
death; (c) cellular process/cellular physiological
process/cellular metabolism; (d) cellular process/
cellular physiological process/cellular organ-
ization and biogenesis; (e) cellular process/cel-
lular physiological process/regulation of cellular
physiological process; (f) cellular process/physi-
ological process; (g) cellular process/physiologi-
cal process/cell cycle; (h) cellular process/physi-
ological process/transport; (i) physiological pro-
cess/metabolism/ macromolecule metabolism;
(j) physiological process/response to stimulus/
response to abiotic stimulus; (k) physiological
process/response to stimulus/response to stress;
(l) regulation of biological process/positive reg-
ulation of biological process/positive regulation
of enzyme activity; (m) regulation of biological
process/regulation of enzyme activity/regulation
of oxidoreductase activity; (n) unknown.
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saccharide synthesis, nonribosomal peptide synthesis, pep-
tidoglycan biosynthesis, and membrane transport. Proteins
in these latter classes may be important for forming or
mobilizing fungal-specific compounds needed for plant
infection.

4 Discussion

We have used MudPIT to identify the types of proteins
that are in uredospores of U. appendiculatus, a fungus for
which very little genome information exists. The proteins
that we present are based on the identification of peptides
from homologous proteins from other organisms. Protein
homology has already been used successfully to interpret
spectra from other organisms for which little genome
information is available. For example, a rice protein data-
base was used for the identification of nearly half of
141 proteins of the wheat amyloplast detected by MS/MS
[22], and the NCBI NR-protein database was used for the
identification of tandem mass spectra from the unse-
quenced Candida magnoliae [28]. Only three of our
assemblies were made from Uromyces spp. proteins,
meaning that nearly all of our protein identifications were
based on spectral inferences to homologous peptides
found in proteins of different organisms. For example,
25 of our assemblies were made from proteins from
Us. maydis, another plant pathogenic fungus. Because the
Us. maydis genome is sequenced, its proteome was well
represented in NCBI NR compared to U. appendiculatus.
It is also a related Basidiomycetes fungus. Therefore, the
extensive genome information for Us. maydis and the
(likely) homology between the proteomes of the two
organisms enabled the inferences of the U. appendiculatus
protein tandem mass spectra. The same can be said for
the other fungal organisms whose proteomes are also
well defined. The assemblies made to proteins from
organisms that are not fungi may also be indicative of the
evolutionary divergence of some of the other U. appendi-
culatus proteins.

We performed our searches against the NCBI NR-
protein database to maximize our potential for identifying
a wide variety of possible peptides that could be in ure-
dospores. One drawback of searching against such a large
database is the generation of false-positive identifications
[29]. Several spectral interpretation programs, including
MASCOT used in this study, apply statistical standards
and probability-based models to ascertain the quality of
matches and increase the confidence of obtaining quality
inferences [30–33]. Similar approaches have been taken
for the assembly of proteins from the peptide inferences
[24]. We have used both MASCOT and DBParser to collate
peptide inferences with database-dependent scores indi-
cating the probability of a random match. These actions
help reduce false inferences [34]. Our ability to define
distinct proteins assembled from discrete peptides

assigned to only one record also gives greater assignment
confidence [35]. In addition, we have combined the col-
lected spectra from redundant runs for data analysis,
which provides increased information for assemblies and
is proven to result in a better representation of proteins
available in the samples [35–37].

We have included in our report single peptide protein
assignments of equivalent and subsumable proteins whose
sequences appear in more than one protein record (degen-
erate peptides). While the possibility of assigning single
peptides to proteins can be associated with an increased
incidence of false identifications [25, 29], it may not be nec-
essary to disregard proteins identified by single peptides
outright, especially if the scope of a global proteomics
experiment is set for survey or discovery [38]. For our pur-
poses, single degenerate peptide inferences may be useful
for identifying equivalent or subsumable proteins since
degenerate peptides can indicate regions of protein homol-
ogy [39].

Our results suggest that there is a variety of protein
homologs in the uredospores, i.e., there are matches to
77 different heat shock related proteins, matches to
19 separate actin homologs and 10 b-tubulin homologs
from other organisms. In Arabidopsis thaliana, a plant
whose genome has been sequenced, there are more than
180 different heat shock related and approximately 24 dif-
ferent actin proteins. In Us. maydis, there are approxi-
mately eight different actin-like proteins and four differ-
ent b-tubulin-like proteins. Thus, finding many different
types of heat shock proteins or actin homologs in ure-
dospores is not surprising. However, there is a possibility
that the numbers for each class may be artificially inflated
as result of searching a large database such as NCBI NR
rather than a specific database composed of U. appendi-
culatus proteins. Had we been able to restrict our MAS-
COT searches to a U. appendiculatus comprehensive pro-
tein database, then we would have likely obtained a more
realistic number of protein homologs detected. None-
theless, because MudPIT is biased toward detecting
abundant proteins and there is a direct correlation be-
tween spectral count, peptide count, and sequence cover-
age [36], we concomitantly believe that we have detected
an abundance of heat shock proteins and translation
elongation factors in uredospores because many different
spectra have been assigned to peptides from these
proteins.

Identification of specific classes of proteins in this study
may have some relation to the biology of the uredospores.
When a U. appendiculatus uredospore germinates in water, a
germ tube grows, into which moves the cytoplasm and two
nuclei [40]. After the appressorium forms as a result of thig-
motropic response [4], the cytoplasm and nuclei move into it
and mitosis occurs, and septum formation is completed to
separate the appressorium from the empty germ tube [41].
Then an infection peg penetrates the stomata, which subse-
quently forms a substomatal vesicle where a second round of
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mitosis can occur [2, 40]. This growth and the two rounds of
nuclear replication occur before the formation of an infec-
tion hyphae, a haustorial mother cell and haustoria, the
organ that absorbs and uptakes nutrients from the plant cell
[8]. Thus, it is presumed that the germling does not obtain
nutrients from the host until formation of haustoria, and
that all of the energy and resources needed to accomplish the
events leading up to this point must be initially contained in
the uredospores. This means that uredospores must produce
proteins very quickly to accommodate all of these processes.
We detected an abundance of translation elongation factors
in uredospores in addition to a complement of other proteins
required for protein production, such as translation initia-
tion and termination factors, ribosomal proteins, amino acid
synthases, amino acid modifying enzymes, tRNA synthe-
tases, PTM enzymes, and protein degradation components.
Finding a preponderance of proteins related to protein
catabolism agrees with the supposition that uredospores
need to produce proteins very rapidly upon germination and
are prepared to do so.

This notion is supported by finding a large number of
heat shock proteins and chaperones in the uredospores. In
addition to regulating heat shock responses [42, 43], assisting
in transporting proteins across membranes [44], and cata-
lyzing the disassembly of clathrin-coated vesicles [45], 70-
kDa heat shock proteins co-operate with translation elonga-
tion factors and ribosomal proteins to maintain the integrity
of the folding confirmation of nascent polypeptides before
they are released from the ribosome [46–49]. Thus, we pro-
pose a model by which a uredospore exists in a suspended
translational state. We hypothesize that upon germination,
uredospores are able to produce proteins very quickly with-
out having to assemble translational components de novo.
Likewise, peptide chains, suspended in the ribosome, are
protected by heat shock proteins and better able to resist
adverse conformation changes caused by desiccation or high
temperatures to which uredospores might be subjected once
released into the environment.

We anticipate that these results will further our under-
standing of rust biology and expect to use similar approaches
in elucidating proteins that comprise different cellular
structures that allow the fungus to colonize a plant, absorb
nutrients, or reproduce. Future studies will also include
obtaining more information about the proteins that are
undefined in function, 38 of which were inferred in this
study. The U. appendiculatus homologs to these proteins cer-
tainly are candidates for belonging to a group of species-spe-
cific proteins that are responsible for pathogenicity or host
recognition.

We thank Dr. Talo Pastor-Corrales, USDA-ARS, Beltsville,
for U. appendiculatus spores, Dr. Xiaoyu Yang, NIH, for
DBParser technical assistance, Chris Overall for SGMD website
assistance and Jian Feng and Drs. Paul Haynes, Neerav Padliya
and Joohyun Lee for help in preparation of the manuscript.
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